Abstract
Measurements
of uptake and mineralization of 14C-labeled glycolic acid by freshwater heterotrophs showed that respiration (mineralization) accounts for 69% of total uptake, and that the heterotrophic potential ( V,,,,, ) for glycolate is comparable with that for other commonly used substrates. Bacteria cultured from lake water showed uptake and mineralization patterns similar to those from the natural plankton.
Enrichment of lake water with glycolic acid resulted in measured disappearance of the glycolic acid, in agreement with rates predicted by uptake kinetics, but bacterial response was slow and independent of added glycolate concentration.
Under natural conditions the heterotrophic bacteria prevent glycolatc from accumulating by mineralizing most of it to CO, soon after it is released by algae.
The interaction of bacteria and organic solutes represents an area of considerable importance in tracing the flow of energy and the cycling of elements in aquatic ecosystems. Recent methods using 14C have made possible the investigation of the relationships of heterotrophic microorganisms and specific organic solutes. The heterotrophic bacteria of natural waters can utilize organic solutes at concentrations of a few micrograms per liter (e.g. Wright and IIobbie 1966; Vaccaro and Jannasch 1966; Williams 1970; Robinson et al. 1973) , and it seems clear that the bacteria are the major agents of mineralization of low molecular weight organic solutes in fresh and marinc waters (Wright 1974) . Enrichment studies have shown that bacterial response to sudden increases in substrate is rapid, a few days being sufficient for complete removal and oxidation of glucose and amino acids artificially added at levels one to two orders of magnitude above ambient (Vaccaro 1969; Williams and Gray 1970) . Lake water contains a great variety of organic solutes, some no doubt more important than others to the heterotrophic bacteria because of their concentrations and rates of production.
Among the substratcs of primary importance, glycolic acid must be given serious consideration. It occurs in lake waters (Fogg et al. 1969) ) although ambient concentrations are often so low as to be undetectable by some techniques (Spear and Lee 1968) . Glycolic 8Cl 'd is readily traced to its source as a major algal excretory product (Tolbert and Zill 1956; Fogg 1966; Watt 1966 Watt ,1969 . Excretion of glycolic acid by algae, a puzzling loss of energy, is related to the dark reactions of photosynthesis as well as to environmental conditions. In a thorough review of glycolate metabolism in algae, Tolbert ( 1974) indicated that the principal path of glycolate formation is by oxidation of ribulosc diphosphate, in a reaction that involves competition between oxygen and carbon dioxide for this substrate. After its formation glycolate is either released ( excreted) or metabolically changed to glycine and serine via glyoxylic acid. It is not readily reassimilated by most algae. Wright (1970) found that plankton in the upper layers of a lake could take up glycolic acid at low concentrations.
Circumstantial evidence indicated that this uptake was bacterial. Because of the magnitude of the uptake and the apparent source in algal excretion, I suggested that glycolic acid might be the most important energy source for the epilimnetic heterotrophic bacteria. However, at the time I did not know the rate at which glycolic acid was being respired, nor did I know how the bacteria would respond to enrichment by glycolatc. IIere I would like to address these problems by presenting more recent work on glycolic acid in freshwater. I will deal with three basic approaches before attempting to give an evaluation of the role of glycolic acid. These are the uptake and mineralization of 14C-labeled glycolic acid by natural plankton, the uptake and mineralization of glycolic acid by bacteria cultured from lake water, and results of artificially enriching lake water with glycolic acid.
Methods
Natural uptake was measured in samples from two geographically and biologically different lakes : Gravelly Pond in IIamilton, Massachusetts, a small meso trophic lake with a maximum depth of 17 m, and Upper Klamath Lake in southern Oregon, a large, shallow, extremely eutrophic lake.
Some of the work reported below dealt only with that fraction of uptake of the solute subsequently retained as radioactivity in the cells, referred to as assimilation: this work used the basic approach of Wright and Hobbie (1965, 1966) . Substrate taken up and respired to CO2 (mineralization) was not measured until the method of I-Iobbie and Crawford (1969) became available.
The actual working details of the method I used for total uptake differ somewhat from those of Hobbie and Crawford (1969) . Samples of lo-to 50-ml volume, uniform for any one set of measurements, were added to serum bottles containing the same (for replicates) or different amounts of a given labeled compound. Each bottle was immediately capped with a rubber serum stopper, pierced by the arm of a plastic cup containing folded paper suspended into the air space over the sample water. Blanks for each concentration were fixed immediately by injection of 0.5 N H2S04 into the sample water through the stopper, adding at a 1 : 50 fixative to sample ratio. The same treatment was given to incubated samples after several hours incubation in a covered cooler containing natural water to maintain temperature or in a controlled temperature incubator in the lab. After at least 1 h with the I12S04, 0.15 ml of betaphenylcthylamine was added through the stopper to the filter paper in the plastic cup for each sample. The papers with the absorbed 14C-C02 were removed after 2 h and placed in a scintillation vial with 10 ml of a scintillation cocktail containing 4 g PPO, 100 mg dimethyl-POPOP in 1 liter of toluene. This measures the mineralization fraction of uptake. The water phase of each sample was filtered through a 0.45-p Millipore filter, the filter was rinsed with 10 ml of membrane-filtered sample water and placed in a vial with the same scintillation cocktail after drying at 40°C for 24 h. This procedure yields the assimilation fraction of uptake. Quenching was corrected by the channels ratio method. Where only assimilation was measured, counting was done in an automatic planchet counting assembly. The data were analyzed according to the equation derived in Wright and Hobbie (1965) . Wright (1973) discussed the limitations and uses of this approach.
Glycolate-using bacteria were isolated from lake water on agar containing 100 mg liter-l of glycolic and inorganic salts. Cultures for uptake experiments were grown in liquid medium with glycolic acid as the sole carbon source. Cells were harvested during exponential growth, washed several times on a membrane filter, and resuspended in a synthetic, inorganic medium. Subsequent procedures were identical to those described above for measuring uptake and mineralization in natural water samples. Several methods were used for counting bacteria in lake water. One (Wright 1970) uses r4C-glycolic acid incorporated in the agar medium to label colonies growing on a membrane filter laid over the agar. Other methods were serial dilution and filtration through membrane filters, followed by growth on half-strength standard methods agar or agar made with unenriched lake water.
Glycolic acid in lake water samples was measured by the method of Fogg et al. (1969) with a few minor modifications. The lower detection limit of the method as used was 25 ,Lcg liter-l.
Results
Uptake and mineralization by natural populations-Most of the information comes from kinetic measurements in epilimnetic water from Gravelly Pond under summer stratification conditions. The results for the assimilation fraction of uptake can be summarized as follows: V,,,, ranged from 0.2-0.9 pg liter-l h-l (or 4.8-21.6 ,ug liter-l day-l ) ; ( Kt + S,) ranged from 50-200 PI; liter-l; and assimilation turnover time ranged from 60-200 h (2.5-8 days). The pattern for glycolate uptake with depth showed good correlation with algal excretion. Glycolate uptake was similar in magnitude to acetate uptake and higher than glucose uptake (Wright 1970) . The (& + S,) values arc consistently higher than those for other substrates, indicating either higher natural substrate levels or less efficient transport of glycolatc at low concentrations. Robinson et al. (1973) reported a low (K, + S,) value for glycolic acid assimilation (26 rug liter-l), together with a low value for V,,, and a high turnover time in comparison with other organic acids tested in lake water. On the other hand, Tanaka et al. (1974) found a V,,,, of 0.5 pg liter-l h-l, ( Kt + S,) of 275 pug liter-l, and turnover time of 540 h for glycolic acid in lake water, results more in accord with those from Gravelly Pond.
In Upper Klamath Lake I measured mineralization as well as assimilation. Table  1 presents the range and mean of kinetic values for four substrates over 1 year. The most striking difference between glycolate and the other substrates is the high degree to which glycolate is mineralized.
Apparently microbial metabolism of glycolic acid involves primarily respiration and relatively little fixation into new carbon. Differences for the other kinetic parameters are consistent with results of previous work involving only assimilation: glycolate V,,,,, compares well with the other substrates, while (K,, + S,) values and turnover times are substantially higher.
Marc recent work in Gravelly Pond has also dealt with total uptake of glycolic acid. As in Upper Klamath Lake, mineralization was consistently the largest fraction of uptake, averaging 69%. Interestingly, the two carbons of glycolic acid are metabolized at the same rate. Glycolate-l-14C and glycolatc-1,2-14C gave mean mineralization percentages of 72 and 70% when tested at four concentrations for uptake by plankton from 1 and 3 m in Gravelly Pond. My previous uptake measurements of assimilation and those of Robinson et al. (1973) and Tanaka et al. (1974) therefore seriously underestimate microbial activity on glycolic acid. Given the mean of 69% mineralization, a set of glycolate assimilation values can be multiplied by 3.2 to give V,,,,, and divided by 3.2 to give turnover time for total microbial activity on glycolic acid. With this correction, the data from Gravelly Pond show that the epilimnetic summer population of bacteria can use up to 70 rug of glycolic acid per liter-day, with a turnover time as low as 15 h. What they actually use depends on the natural concentration of gl;colate; V,,,, only indicates the rate of use in a substrate-saturated system. Nevertheless, their capability for glycolate transport gives sufficient cause to expect that the heterotrophic bacteria are using glycolic acid. Uptake and mineralization by bacteria in culture-Glycolate-using bacteria were cultured from lake water and their glycolate transport then measured. The usual test applied to isolates was analysis of a washed, dilute suspension exactly like that with natural water. l3y this t&t several cultures showed kinetics essentially identical to those found in natural waters (Wright 1970) . Two bacterial isolates were tested to determine the relationship between assimilation and mineralization by the same methods used for natural waters. One isolate (GL-12), a pseudomonad which grew rapidly in liquid culture on glycolatc, mineralized 67% of total uptake. Another more slowly growing isoIate ( GL-7) mineralized only 28%. Thus, at least one of the cultures showed a mineralization pattern similar to that of the natural heterotrophic population. transport of glycolate is accomplished by a system specific only for alpha-hydroxy acids. Glycine, for example, had no effect on glycolate transport; beta-phenyllactic acid was a competing molecule. The acetate effect has not been investigated further, although there is a report of noncompetitive inhibition of amino acid uptake by acctatc in Bacillus subtilis (Sheu et al. 1972) .
In an attempt to develop a bioassay for glycolate, I tested one culture (CL-7) for substrate specificity by measuring uptake of I C-glycolate in the presence of various potentially competing substrates. The results ( Fig. 1) reveal an interesting pattern: lactate and unlabeled glycolate have an identical, competitive effect on the kinetics of uptake of the labeled glycolate, whereas acetate shows an effect resembling noncompetitive inhibition.
In a similar test on natural plankton from 1 m in Gravelly Pond, I found the same basic pattern as with the bacterial isolate. The results wcrc not encouraging for the purpose of developing a bioassay specific for glycolate, but the similarity of response from cultures and from natural water strongly supports the idea that glycolate uptake in natural waters is due to the bacteria. Tests of other possible competing substrates indicate that Enrichment of lake water with glycolic acid-The kinetic approach of using 14C-labeled organic solutes to measure heterotrophic activity is based on the assumption that what is being measured gives some useful information on what the microbes are doing at the time of measurement. One interesting test of this assumption is to enrich a sample of natural water with small amounts of a substrate, follow its disappearance chemically, and compare the information so obtained with data on uptake of the same substrate from the same water, Accordingly, I did an enrichment experi- mcnt with water from just below the surface of Gravelly Pond, on 7 August 1969. Four glass carboys were filled with 20 liters each. One was a control, the second received glycolate to a concentration of 250 pg liter-l, the third received the same amount of glycolate but differed in that half the water was passed through a glass fiber filter (Reeve-Angel 948H ultrafilter) to remove plankton and particles, then added again to the unfiltered half to give the desired effect of cutting the plankton in half. The fourth carboy had glycolate added to give 500 pg liter-l. The carboys were maintained in darkness at 25°C. Subsamples were taken at the start and then at 4-, 8-, or 12-h intervals, decreasing in frequency until 48 h had elapsed. Sampling included "viable bacteria" counts with membrane filters laid on lake water agar enriched with glycolatc, measurements of assimilation uptake kinetics for 14C-glycolate, and measurcmcnts of the chemical concentration of glycolate.
As I stated earlier, the V,,,,, values indicate the initial capability of the microbial population to use the substrate in question. For the enrichment experiment the V,,,,, for assimilation at the start was 0.76 pg liter-l h-r, and the turnover time was 96 h. Correcting for respiration on the basis of 69% of total uptake, the data indicate a potential use of glycolate of 2.45 pg liter-* h-* and a turnover time of 28 h at the beginning of incubation.
This gives a predicted 48-h value of 118 pg liter-l of glycolatc used, if there is no change in microbial activity.
The time course of disappearance of glycolate in the three experimental carboys is shown in Fig. 2 . Three attempts were made to measure the concentration of glycolate in the control carboy, beginning at the start of incubation. The results were always below 25 rug liter-l and hence below the limits of the method. Results from the experimental carboys always gave measurable amounts of glycolic acid, but, as Fig. 2 shows, the precision of the method continually left something to bc desired. However, if the two points for the 32nd and 38th hour of the 500 pg liter-l carboy arc disregarded, the data show a downward trend which is basically linear. They also show that halving the bacterial concentration had little effect on glycolate use.
The viable bacteria counts are shown in a scmilog plot in Fig. 3 . No clear differenccs are shown between the carboys. Over the 48 h the viable counts increased about lo-fold to 20-fold with the unen- richcd control as often as not giving the highest counts. An average of 51% of the colonies incorporated enough glycolate to become labeled when 14C glycolate was added to the agar, but no clear patterns or variations appeared in the data. Figure 4 shows the uptake parameter V,,,,, for glycolate uptake plotted in a semilog fashion for comparison with Fig. 3 . Again, the basic similarity between carboys is evident, in spite of the differences in the presence of glycolate or the full measure of plankton. The 48-h increases are of the order of twofold to fourfold, considerably less than those for the bacterial counts.
The assimilation Vmax data were corrected for respired glycolate with the 69% mean figure taken from later work in Gravelly Pond, and the total uptake estimates were summed to give a 48-h value for potential glycolate use. These values are compared in Table 2 with estimates of glycolic acid used taken from the chemical measurements. Much of the difference bctween actual use and V,,,,, values can probably be ascribed to the effect of substrate concentration on the transport process. At 500 pg liter-' actual uptake velocity approachcd the V,,,,, values. In the other carboys glycolate was well below saturation A second enrichment experiment yielded additional insight into some of the above results. Labeled and unlabeled glycolate were added to replicate 250-ml lake water samples in glass-stoppered bottles, and 50-ml subsamples were taken every 12 h to measure glycolate assimilated and mineralizcd. Figure 5 shows the percentage of glycolate used over the 48 h. The rates of use are considerably lower than in the previous enrichment experiment, but the rates at 150 and 590 pg liter-' differed very little over 48 h. The control, which contained the natural glycolate plus labeled glycolate (chemically, 27 pg liter-r), indicated apparent use of all the available substrate by 36 h. The experiment was conducted in the dark, so no new source of glycolate could be expected. ISacteria were counted on half-strength standard methods agar, using membrane filters and serial dilution.
The results (Table 3) show no measurable increase in bacteria in any of the experimental bottles, in contrast to the previous experiment where a substantial increase in bacterial numbers was found in all of the experimental carboys.
Discussion
My results from several years of uptake measurements and from autoradiography with plate cultures indicate that many of the naturally occurring bacteria of epilimnetic waters arc metabolizing glycolate, and that some of them can grow in culture with glycolate as the sole carbon source. Nalewajko and Lean (1972) found that bacteria in nonaxenic cultures of freshwater algae metabolized and grew on glycolate excreted by the algnc, preventing the glycolate from appearing as a significant excretory product during growth of the algal culture. Tanaka et al. (1974) found evidence of a similar relationship between algae and bacteria in epilimnetic waters. Glycola te-using bacteria, measured by serial dilution in liquid medium, showed a depth distribution coinciding closely with regions of maximum excretion by the algae.
The pattern of metabolic use oE glycolatc by the natural bacteria indicates that an unusually high percentage of the substrate is respired. As Table 1 indicates, two other two-carbon compounds-glycine and acetate-gave much lower respiration values. Another way of stating the situation would be to say that the apparent growth yield (assimilation fraction) for the natural bac- teria is much higher on glycine and acetate than on glycolate. Certainly glycolate is a more highly oxidized molecule, but this alone does not seem sufficient to explain the discrepancy.
The enrichment experiments provide some evidence in support of the usefulness of "'C organic solutes and the uptake kinetic method for measuring natural hctcrotrophic activity.
Agreement between potential and actual use of glycolate was confirmed by enriching natural water with different concentrations of glycolatc. The extended effects of glycolate enrichment on microbial activity, however, are difficult to interpret. Previous workers found that substrates added to natural samples in the range of 100 to 500 pg liter-' were used at increasing rates with time until the substrate was exhausted, typically within 48 h (Vaccaro 1969; Williams and Gray 1970; Thompson and Hamilton 1973) . This did not occur with glycolic acid. And, in both enrichment experiments, the amounts of glycolate used appeared to be independent of differences in added concentration. The viable counts of bacteria indicated a lack of growth response to glycolate over 48 h, but such counts are subject to many limitations, The data do seem to indicate that the natural bacteria are slow to respond to glycolic acid when it suddenly appears in unusually high concentrations.
The reason for this is presently obscure, but it may be related to the low growth yield of glycolic acid mentioned above.
Viewing the natural situation from another perspective, however, the work reported here indicates that the action of the hctcrotrophic bacteria on glycolic acid, constantly mineralizing most of it to carbon dioxide, prevents any accumulation and at the same time returns to the algae the carbon they have lost for as yet unknown reasons.
